Abstract. Technical refinement of boar sperm cryopreservation is indispensable for effective breeding of the rare Okinawan native pig, the Agu. The objective of the present study was to determine whether addition of low-density lipoprotein (LDL) extracted from hen egg yolk to the freezing extender improves the characteristics of cryopreserved Agu spermatozoa. Ejaculated Agu sperm frozen in extender supplemented with 2, 4, 6, 8 or 10% LDL instead of egg yolk was thawed, and the post-thaw sperm characteristics were evaluated. Treatment with 4-8% LDL during cooling and freezing significantly increased the intracellular cholesterol content, as compared to that of sperm frozen in extender containing 20% egg yolk (P<0.05). Higher potential resistance to cell damage from cryoinjury was also observed in sperm frozen in extender supplemented with LDL: the integrities of plasmalemma and DNA, mitochondrial activity and proteolytic activity of the acrosomal content in the post-thaw sperm were superior to those of sperm that were not treated with LDL. Moreover, the percentages of total motile sperm and the extent of rapid progressive motility at 1 and 3 h after incubation were markedly higher in sperm treated with 4 or 6% LDL, and these sperm also had more ATP. However, LDL did not inhibit in vitro sperm penetrability, even though the cholesterol content of post-thaw sperm was higher after treatment with LDL. These findings indicate that addition of 4-6% LDL instead of egg yolk to the freezing extender improves the post-thaw characteristics of Agu sperm by protecting sperm against cold shock damage during cryopreservation. Key words: Boar spermatozoa, Cell damage, Cryopreservation, Low-density lipoproteins (LDL) (J. Reprod. Dev. 55: [558][559][560][561][562][563][564][565] 2009) ecently, the male reproductive ability (i.e., semen volume, sperm quality and sperm concentration) of the Okinawan native pig, the Agu, has markedly decreased because of repeated inbreeding within a minority of the closed population for the past 20 years, which has resulted in a marked reduction in reproductive efficiency under natural mating conditions. Consequently, longterm preservation and storage of Agu sperm for artificial insemination (AI) has become a subject of interest because it permits insemination of a large number of females in a short period of time, avoids transmission of disease and conserves valuable germplasm stocks. However, the poor post-thaw survival of boar sperm has limited the success of AI with frozen sperm and has prevented its widespread acceptance in commercial breeding [1, 2] .
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Boar sperm are extremely sensitive to the damaging effects of cold shock [3] . The susceptibility of sperm to cryopreservation differs across species: rooster, human, monkey, rabbit and dog sperm are more resistant to cold shock than bull, ram, horse and boar sperm [3] [4] [5] [6] . According to previous reports [4, 6] , the ratio of proteins to phospholipids in the plasma membrane is lowest in rooster sperm, at 0.46, moderate in bull and stallion sperm (0.80 and 0.86, respectively) and highest in boar sperm (1.26) ; the ratio of cholesterol to phospholipids in the plasma membrane is close to 1.0 in human and monkey sperm, but less than 0.8 in bull, ram and boar sperm. Interestingly, greater resistance of mammalian sperm to cold shock has been noted in species in which the cholesterol to phospholipid molar ratio and degree of saturated fatty acids in the phospholipid fraction were high [7, 8] . Together, these findings suggest that the lower adaptability of membrane fluidity to low environmental temperature accounts for the notable decrease in the post-thaw quality of boar sperm.
Hen egg yolk is widely used as a cryoprotective agent in freezing extender to protect mammalian sperm against cold shock damage; however, extender containing egg yolk can reduce the respiration and motility of sperm [9] [10] [11] . Furthermore, the use of egg yolk introduces possible sanitary risks [12] [13] [14] [15] , and several egg yolk components are known to interfere with laboratory biochemical assays and metabolic parameters. Recent technological improvements now permit easy and reasonably safe extraction (97% purity) of low-density lipoproteins (LDL), with higher levels of cholesterol and phospholipids, from hen egg yolk [16] , and it has been reported that replacement of egg yolk with LDL in the extender protected against cold shock damage in bull [16, 17] and boar [18, 19] sperm. Therefore, it is believed that addition of extracted LDL, instead of egg yolk, to the freezing extender might protect Agu sperm against cold shock damage and allow for preparation of superior extender with a controlled composition.
The objective of the present study was to compare Agu sperm frozen in extender supplemented with whole egg yolk or LDL with respect to cholesterol content, plasmalemma integrity, mitochondrial activity, acrosomal proteolytic activity, DNA damage, motility, viability (ATP content in sperm) and in vitro fertilizing capacity.
Materials and Methods
All chemicals used in the present study were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated.
Extender preparation
The basic extender used in the present study was Beltsville F5
extender [20] supplemented with 200 μM ascorbic acid 2-O-α-glucoside (AA-2G; Hayashibara Biochemical. Lab., Okayama, Japan; mBF5). The different concentrations of LDL (2, 4, 6, 8 and 10%, w/v) were added to mBF5 (treatment groups) by replacing the 20% egg yolk (control). The LDL was extracted from the egg yolks of fresh hen eggs according to the method described by Moussa et al. [16] . The extracted LDL fraction in the present study contained approximately 60 g dry matter per 100 g fresh matter (paste), and the yield of the LDL extraction was approximately 24%, as a function of the dry matter. The dry matter was calculated exactly for every LDL extraction after desiccation at 104 C for 48 h, and the LDL paste was added to the extender for conversion into the dry weight.
Semen collection and sperm cryopreservation
Whole semen from three mature Agu (A-1, A-2 and A-3; 1.0-2.9 years old) with proven fertility was collected by a glove-hand technique and filtered through a milk filter at 1-week intervals. The boars were housed under uniform feeding and handling conditions at the Okinawa Livestock Research Center, Okinawa Prefecture, Japan. Only samples with more than 70% motile sperm and more than 80% morphologically normal sperm were used for this experiment. Immediately after collection, semen samples were centrifuged at 700 × g for 8 min, and the seminal plasma was removed by aspiration. After washing in Beltsville thawing solution [20] by centrifugation at 700 × g for 8 min at room temperature, the sperm sediments were diluted in the extender at a concentration of 10 × 10 8 sperm/ml and cooled from 25 to 5 C over a 1-h period with a controlled-rate freezer (MPF-40, Tokyo Rikakikai, Tokyo, Japan). After standing for 2 h at 5 C, the sperm suspension was mixed with the same volume of extender containing 5% (v/v) glycerol to obtain a final concentration of 5 × 10 8 sperm/ml. The diluted sperm were quickly transferred to 0.5 ml straws. The straws were placed in contact with liquid nitrogen vapor for 20 min at 4 cm above the nitrogen liquid level and then immersed in the liquid nitrogen for storage (-196 C) . After storage for 2-3 months, the samples were thawed at 39 C for 25 sec and used for the analyses.
Quantification of intracellular cholesterol content
The intracellular cholesterol content was quantified using a Cholesterol/Cholesteryl Ester Quantitation Kit (Catalog No. K603-100, Biovision, Mountain View, CA, USA) adapted for spermatozoa. Briefly, frozen-thawed sperm were washed twice by centrifugation at 700 × g for 4 min in 4 ml Dulbecco's phosphatebuffered saline (PBS; Invitrogen, Carlsbad, CA, USA) and homogenized in chloroform-Triton X-100 (1% Triton X-100 in pure chloroform). After centrifugation at 10,000 × g for 10 min, the organic phase was dried at 50 C for 1 h to remove the chloroform, and trace chloroform in the dried extract was completely removed in a vacuum desiccator. The cholesterol content in the extract was then determined according to the manufacturer's instructions. The sperm cholesterol content was expressed as the amount of cholesterol per 100 million sperm.
Sperm plasmalemma integrity
The plasmalemma integrity of frozen-thawed sperm was assessed using dual-color fluorescent staining with 6-carboxyfluorescein diacetate (CFDA, 10 μg) and propidium iodide (PI, 10 μg) as previously described [21, 22] . At least 270 sperm per treatment condition were observed (× 400) under a fluorescence microscope (Nikon, Tokyo, Japan) equipped with blue illumination (excitation at 450-490 nm, emission at 520 nm). Sperm were categorized as having a "damaged plasmalemma" or "intact plasmalemma" when they exhibited partial or complete red fluorescence or complete green fluorescence, respectively.
Mitochondrial activity
Frozen-thawed sperm (2.5 × 10 8 sperm) were diluted in 30 ml PBS containing 1.0 μM MitoTracker Red CMXRos (Invitrogen) at 39 C. Twelve μl SYBR Green I solution (TaKaRa Bio, Shiga, Japan) was added to the sperm suspension, and then the sperm were mixed and incubated at 39 C for 20 min. After centrifugation at 700 × g for 4 min, the sperm sediment was resuspended to a final concentration of 1.0 × 10 7 sperm/ml in PBS and stored in the dark until analysis. Sperm showing red fluorescence in the midpiece were considered positive for mitochondrial activity. At least 270 sperm were analyzed in each experimental group.
Acrosomal proteolytic activity assay
Acrosomal proteolytic activity in single sperm was assessed using the gelatin plate assay as described previously [22] [23] [24] . Frozen-thawed sperm were washed three times by centrifugation at 700 × g for 4 min and resuspended in PBS, giving a concentration of 4 × 10 6 sperm/ml. The sperm suspension (20 μl) was placed on one end of a slide and smeared with a cover glass, taking care not to disrupt the gelatin film. The slides covered with the gelatin membrane were incubated in a moist chamber at 37 C for 2 h, which led to halo formation. The horizontal diameters of individual halos around 35-40 sperm heads in each experimental group were measured with a micrometer using a phase-contrast microscope and regarded as an indicator of the proteolytic activity of the acrosomal content.
Assessment of DNA damage
Sperm DNA damage was assessed by the neutral comet assay as described previously [22] . Sperm with or without fragmented DNA were indicated by the presence of damaged or intact DNA, respectively. At least 100-125 sperm were counted in each experimental group using a fluorescence microscope.
Analysis of sperm motility
Frozen-thawed sperm were suspended in 12.5 ml of modified Tyrode's solution (114 mM NaCl, 3.2 mM KCl, 0.34 mM NaH2PO4, 2 mM NaHCO3, 10 mM HEPES, 0.2 mM Na-pyruvate, 10 mM Na-lactate, 5 mM caffeine, 100 IU/ml penicillin G and 50 μg/ml streptomycin, pH 7.4) at 39 C. Sperm motility was assessed at 39 C for 3 h using a computer-assisted sperm analysis (CASA) system (HTM-CEROS; Hamilton Thorne Biosciences, Beverly, MA, USA). The proportions of total motile spermatozoa (% TMS, >7.4 μm/s) and spermatozoa with rapid progressive motility (% RPMS, >50 μm/s) were evaluated by counting a minimum of 200 sperm per subsample.
Analysis of sperm ATP concentration
The ATP content in spermatozoa was assayed by firefly bioluminescence in a boiled extract [25] . The concentration of ATP was expressed in terms of nmol ATP/10 8 sperm.
Evaluation of in vitro fertilizing capacity
Oocytes from slaughtered adult sows were collected and matured in vitro as previously described [24, 26] . The matured oocytes were stripped of expanded cumulus cells by passage through a narrow-bore pipette in HEPES-buffered Tyrode's medium containing 0.01% (w/v) polyvinyl alcohol and 0.1% (w/v) hyaluronidase. The oocytes were washed three times with a modified Tris-buffered medium (mTBM [27] ) designated as in vitro fertilization (IVF) medium and supplemented with 2 mM caffeine sodium benzoate and 1 mg/ml BSA. Groups of 25-30 oocytes were ultimately transferred to 50-μl droplets of IVF medium that had been covered with warm mineral oil. The droplets were kept in an incubator containing 5% CO2 at 39 C for 1 h until sperm were added for fertilization.
After thawing and washing, the spermatozoa were resuspended at 4 × 10 8 sperm/ml in mTBM supplemented with 4 mM caffeine sodium benzoate and 4 mg/ml BSA and then incubated for 90 min at 39 C in a 5% CO2 incubator. After preincubation, 50 μl of the diluted sperm suspension in IVF medium was added to a droplet containing oocytes at a final concentration of 2.0 × 10 6 sperm/ml, and the gametes were co-incubated for 10 h under the conditions described above. Accessory sperm were removed by gentle vortexing at the end of the period. Oocytes were mounted, fixed for 72 h in 25% (v/v) acetic acid in ethanol, stained with 1% (w/v) lacmoid in 45% (v/v) acetic acid and examined under a phase-contrast microscope at × 400. Oocytes were designated as penetrated when one or more sperm heads and/or male pronuclei and corresponding sperm tails were present.
Experimental design
In experiment 1, we examined whether plasmalemma integrity, mitochondrial activity, proteolytic activity of the acrosomal content, DNA damage and sperm motility and viability (intracellular ATP content) were improved by treatment with LDL. Each ejaculated sperm sample was split into six aliquots and extended with mBF5 (20% egg yolk for the cotrol; 2, 4, 6, 8 or 10% LDL instead of egg yolk for the treatment groups). Experiment 2 was designed to further elucidate the effects of LDL on post-thaw sperm fertilizing capacity. Each ejaculated sperm sample was split into three aliquots and cryopreserved in mBF5 supplemented with 20% egg yolk, 4% LDL or 6% LDL. After thawing, the ability to fertilize matured oocytes in vitro was measured.
Statistical analysis
Data from four ejaculate trials for each boar were expressed as means ± SEM. All statistical analyses were performed using the Statistical Analysis System R software package (http://www.Rproject.org/). For evaluation of the differences between LDL treatment groups, the percentage data were analyzed by the generalized linear model (GLM, binomial error distribution) and ANOVA procedures followed by the Tukey test for non-parametric multiple comparisons [28] . Other data were analyzed by using the ShapiroWilk normality test and the GLM (Gaussian error distribution) and ANOVA procedures followed by the Tukey-Kramer test. PostHoc significant differences (P<0.05) among the main factors and interactions were also examined. When an interaction was found, oneway ANOVA was used to investigate the associations between treatments during freezing in individual boars. On the other hand, for evaluation of the differences between 20% egg yolk and LDL treatments, the percentage data and other data were analyzed with the chi-square test and the Student's t-test, respectively. P<0.05 was considered to be statistically significant.
Results
In experiment 1, whether the characteristics of frozen-thawed Agu sperm were improved by treatment with the various concentrations of LDL in the freezing extender was examined. There was a significant interaction between the LDL treatments and boars in all the data on post-thaw sperm characteristics (P<0.05). However, other parameters were not significantly different, except for sperm motility. The effect of adding LDL to the freezing extender on intracellular cholesterol content is shown in Fig. 1 . In all individuals, significantly higher levels of intracellular cholesterol were found in sperm treated with 4-8% LDL during cooling and freezing, as compared to sperm exposed to extender containing 20% egg yolk (P<0.05).
The percentage of sperm with intact plasmalemma in A-1 and A-2 was significantly (P<0.05) higher after treatment with 6 and 4% LDL, respectively, during the freezing procedure, as compared to sperm frozen in extender with egg yolk; however, no such effect was observed in sperm from A-3 ( Fig. 2A) . Replacing 20% egg yolk with 6% LDL in the extender prevented damage to mitochondrial function from freezing: the percentages of sperm with high mitochondrial activity were significantly (P<0.05) higher in all individuals (Fig. 2B) . Similarly, the halo diameter of post-thaw sperm in all individuals was significantly (P<0.05) higher for sperm treated with 6% LDL during the freezing procedure, as compared to sperm frozen in the absence of LDL treatment (Fig. 2C) . As shown in Fig. 2D , treatment with 6% LDL significantly (P<0.05) decreased DNA damage during cryopreservation in A-2 and A-3 sperm, as compared to the control, but this protective effect of LDL treatment on DNA damage was not observed in A-1 sperm.
The effects of addition of LDL on post-thaw sperm motility parameters (TMS and RPMS) are shown in Tables 1 and 2 . There were significant interactions in LDL treatments × boars, boars × incubation times, LDL treatments × incubation times and LDL treatments × boars × incubation times for motility parameters (P<0.05). In all Agu, the percentage of TMS gradually decreased with increased incubation period after thawing. The percentages of TMS and RPMS at 1 and 3 h of incubation were significantly higher among sperm treated with 4 or 6% LDL during the freezing procedure, as compared to untreated sperm in all individuals (P<0.05). As shown in Fig. 3, A-2 and A-3 sperm frozen in extender supplemented with 6% LDL had a significantly higher intracellular ATP content (P<0.05) than sperm frozen with 20% egg yolk.
In the experiment 2, no significant difference was observed in in vitro sperm penetrability among the experimental groups (Table 3) , which indicates that LDL in the extender had no inhibitory effect on in vitro fertilizing capacity, even though the cholesterol content of post-thaw sperm was remarkably higher after treatment with LDL ( Fig. 1) . Furthermore, LDL in the extender had no effects on the incidences of polyspermy and male pronucleus formation or mean number of sperm per oocyte.
Discussion
A variety of cryoprotective media have been designed in an attempt to overcome the cellular damage caused by cryopreservation [29, 30] . LDL is added to the freezing extender instead of egg yolk because it better preserves the characteristics of sperm in bulls [16, 17] and boars [18, 19] . The present study demonstrated that treatment with LDL during cooling and freezing protected Agu sperm against damage due to cold shock, thereby improving the characteristics of post-thaw sperm, as compared to sperm frozen in extender containing egg yolk.
According to recent reports [31, 32] , sperm that receive cholesterol at their plasma membranes before cryopreservation exhibit better survivability after cryopreservation. The added cholesterol most likely benefits cells by eliminating or at least lowering the temperature at which the sperm plasma membrane undergoes the lipid phase transition from the fluid to the gel state as the cells are cooled [33] . In the present study, post-thaw Agu sperm treated with 4-8% LDL during cooling and freezing possessed markedly higher levels of cholesterol than sperm in extender containing 20% egg yolk (Fig. 1) . Moreover, treatment with 4 or 6% LDL decreased cell damage due to cryoinjury (Fig. 2) , improved motility parameters (Tables 1 and 2) and maintained a high level of intracellular ATP (Fig. 3) , which suggests that treatment with LDL during cooling and freezing enhanced the viability of post-thaw sperm. However, concentrations of LDL in excess of the optimal concentration decreased sperm performance after cryopreservation in the present study. Similar characteristics have been observed in bull sperm, and Moussaa et al. [16] hypothesized that a high level of LDL leads to LDL aggregation, resulting in depression of LDL functions.
Our preliminary study using fresh sperm found that cholesterol content varied among individuals and semen batches (about 27-43 μg/10 8 sperm) and that the potential resistance to cell damage from cryoinjury was highly variable among individuals, without any definite pattern related to cholesterol content (unpublished data). In the present study, the same phenomenon was observed that the post-thaw characteristics in the A-3 sperm possessing the lowest levels of cholesterol among three Agu were remarkably improved by treatment with LDL during cooling and freezing except for the integrity of plasmalemma, and the proportions of intact plasmalemma, TMS and RPMS were drastically reduced in the A-1 sperm treated with 2% LDL despite the fact that it contained the highest level of cholesterol, suggesting that sperm exhibiting a large amount of cholesterol content did not necessarily possess better survivability after cryopreservation. Therefore, it seems that the protective efficiency of LDL in regard to cold shock damage cannot be explained fully by only cholesterol support. Bergeron et al. [34] reported that LDL protected sperm cells against cold shock by promoting the addition of phospholipids and cholesterol into the sperm cell membrane. LDL was reported to have an inhibitory effect on the efflux of phospholipids and cholesterol from the sperm cell membrane [16, 17, 35] . In addition, phospholipids can form a protective film at the surface of sperm membrane after disruption of LDL [36] and replace some phospholipids of the sperm membrane, thereby decreasing their phase transition temperatures [37, 38] . Moussaa et al. [16] also suggested that adsorption and gelation of LDL apoproteins around the sperm membrane form a protective film against ice crystals that are generated during freezing. In the present study, although the addition of 4-6% LDL instead of egg yolk to the freezing extender clearly decreased the rate of cell damage in post-thaw Agu sperm, it is uncertain whether this phenomenon results from the properties of phospholipids and apoproteins derived from LDL. Further studies are required to resolve this question.
No significant difference was observed in in vitro sperm penetrability among the experimental groups (Table 3) , even though the cholesterol content of post-thaw sperm was increased by treatment with 4-6% LDL (Fig. 1 ). This result indicates that cholesterol is normally lost from the sperm plasma membrane in order to permit capacitation, even in sperm frozen in extender supplemented with LDL, and that sperm frozen in the presence of LDL are readily available for AI.
However, when the effects of the three main factors (LDL treatments, boars and ejaculate trials) were examined, there was a significant interaction between the LDL treatments and the boars in all the data, which indicates that there are substantial differences between individuals in terms of the protective effects of LDL against cold shock damage in Agu sperm. Furthermore, extender with 9% LDL was found to significantly enhance sperm motility and the acrosome and plasma membrane integrity of boar sperm after freezing and thawing [18] , in contrast to the present findings, which indicated that 4-6% LDL was better for cryopreserved Agu sperm, regardless of interindividual variability. There have been few studies of the qualitative differences in frozen-thawed boar sperm among species treated with LDL. Jiang et al. [19] reported that the degree of damage to sperm DNA in Duroc swine is not identical to that seen in Yorkshire swine after freezing and thawing with LDL. This variation may be due to differences in fatty acid composition and sterol levels, which are associated with membrane fluidity and thus related to tolerance to cold-shock and cryopreservation [6, 39] . Interestingly, Giraud et al. [40] reported that the ability of sperm to survive the freeze-thaw process varies between human patients and that sperm adaptability to freeze/thaw-induced stress might depend in part on their initial membrane fluidity.
Although approximately 4.8% LDL-which is very close to the optimal concentration (4-6%) of extracted LDL-is present in freezing extender containing 20% egg yolk (as determined in our LDL extraction process), we were unable to obtain good results with sperm frozen with whole egg yolk. It is known that some components in egg yolk diminish the cryoprotective effect of LDL. Egg yolk granules have a noxious effect on sperm motility after freezing and thawing [10] . Demianowicz and Strzezek [41] demonstrated that two types of lipoproteins-LDL and high-density lipoproteins (HDL, contained in granules)-are obtained from egg yolk and that LDL provides better protection for boar sperm than egg yolk, whereas HDL significantly decreases the motility of sperm as compared to egg yolk. It is therefore likely that the advantage of LDL in protecting Agu sperm against cold shock damage is counterbalanced by substances in egg yolk.
In conclusion, the present study showed that freezing extender supplemented with extracted LDL instead of egg yolk is suitable for Agu sperm cryopreservation. Treatment with LDL appears to protect sperm against cold shock damage during cooling and freezing, which results in improvements in the post-thaw characteristics of Agu sperm. In subsequent studies, extracted LDL should be used to improve the composition of the extender and to establish safer AI or IVF treatments to support the reproductive efficiency of the Agu.
